Introduction
Transportation and communication networks play a structuring role as the backbone of complex spatial connectivity patterns. Such networks have been instrumental in shaping a geographic interactive system that is governed by socio-economic forces in combination with business and labour market developments, and with the evolution of logistic and transport systems. Increasingly, modern spatial networks are moving from isolated modes to integrated and connected systems, in which -as well as a rise in use-intensity -both the geographical coverage and the time horizon are expanding.
Networks serve different purposes, and are thus subjected to various complex force fields. For example, freight networks display a trend towards high-value, low-weight goods, multimodal systems, differentiated markets, a strong dependence on ICT, and globalization. Information and communication networks are influenced by complex logistics developments, material and non-material substitution, advanced travel modes, and sophisticated ICT trends. And, finally, in the area of passenger transport we observe drastic demographic changes, a more leisure-oriented spatial behavioural pattern, and an increasing spatial action radius (see also Banister et al. 2000) .
The development of these networks in Europe gives rise to a series of important policy and research challenges. Prominent issues are: the evolution of cities and urban areas (including urban sprawl); the need for sustainability and for ecologically-benign developments; the intermodal substitution within spatial transportation and communication networks; and the governance of spatial networks. In a study by Nijkamp et al. (2007) , a strategic analysis of the key factors that act as drivers for, and impediments to, a sustainable spatial transport and interaction system are mapped out. A change in any of these factors may impact on both the efficiency and the sustainability of spatial mobility patterns. The evolution of spatial networks is determined by behavioural, psychological, institutional, economic and technological background factors. Technology plays a decisive role in network evolution, although its real impact is dependent on the design and acceptance of new client-oriented concepts (which are, in turn, dependent on behaviour and governance).
The present paper aims to map out and analyse the commuting patterns that are inherent in the dynamic functioning of German regional labour markets in the long run. These labour markets form a complex network of intertwined socio-economic systems, in which transport and interaction play a crucial role. After a statistical modelling experiment, the paper also pays attention to various sustainability aspects in the framework of the German economy. The study concludes with some methodological reflections and strategic observations. The paper is structured as follows: Section 2 and Section 3 are devoted to a literature review on the issues of, respectively, spatial systems and the relationship between spatial mobility and the labour market: Section 4 explores the link between the labour market and commuting in an empirical application relating to the German case. Section 5 focuses on the issue of sustainability, by analysing the interconnections between the economy, transport and environment, again with reference to the German situation. Section 6 concludes with some remarks on future research directions, also with respect to possible policy strategies.
Spatial Systems' Evolution
Spatial development at all geographical levels (local, regional, national, global) has a close association with transport and communication (see Black and Nijkamp 2002 ). An exposition on this complex interplay can be found in van Geenhuizen et al. (2002) . For decades, trend analysis has been a popular tool to map out the development of spatial socio-economic and transport systems. But this approach has intrinsic limitations, as it is hard to incorporate technological innovations, behavioural processes and political-institutional changes and constraints. Nevertheless, there is a need for predicting future spatial and socio-economic patterns in a complex spatial system. This goal has led to more sophisticated modelling techniques which are also able to handle large-scale data (see, e.g., Gutiérrez-i-Puigarnau and Van Ommeren 2010; Nijkamp et al. 2007; Patuelli et al. 2011; Russo et al. 2010; Travisi et al. 2010) . As well as new developments in spatial statistics and econometrics, scenario analysis has also become very popular as a means to understand complex systems (see Nijkamp et al. , 2001 . For example, the dynamics of spatial networks will be decisively influenced by urban sprawl, urban-rural developments, road-pricing mechanisms, intermodal competition based on new technological advances, international migration, labour supply, and the acceptance of new behavioural mobility patterns. Worldwide, the past few decades have witnessed far-reaching demographic shifts, new lifestyles, flexible production and work patterns, new policy priorities with respect to sustainable development, new requirements and conditions in policy making, and technological advances, all of which contribute to social change, as well as to spatial dynamics, including commuting. We are currently witnessing intriguing developments that can be described as concentration and uniformity at one level, and spread and differentiation at other levels, often in a polynuclear spatial configuration. In this context, transport and communication are important factors in shaping spread, differentiation, and agglomeration in our world. Clearly, bridging distance -whether physically or virtually -is associated with economic progress and a modern way of life. Spatial interaction (transport, commuting, trade, tourism, etc.) contributes in particular to efficient economic development, and gives actors a strong competitive position in an open and increasingly global network society. Admittedly, it is also increasingly being recognized that a mobile society incurs high social costs, and causes a variety of negative externalities, including traffic congestion, accidents and fatalities, pollution, and noise nuisance, destruction of the beauty of the visual landscape (both the townscape and the countryside), waste in the use of resources, raw materials, energy, and so forth. An important market-disturbing factor is that, in general, social costs are not charged to the transport user, but to other social categories who are not directly involved in the transport decision. At the same time, the demand for transport is increasing, especially in those sectors that are relatively the most polluting, viz. road and air. For example, over the past 25 years, private car use in Europe has more than doubled, while in the same period road freight has also risen significantly (by more than 50 per cent). The extrapolation of current trends would lead not only to an unacceptable high level of environmental decay, but also to serious disparities in the accessibility of congested regions and cities. Accordingly, the overall picture of a modern transport network is rather problematic: the demand for transport services is rapidly rising, causing increasing stress on the environmental system and on the quality of life, and thus on sustainable development.
It comes almost as a surprise that strategic knowledge about the complexity of transport systems is still limited, especially from a long-term perspective. A transport system may show rather unexpected turbulence as a result of interacting forces between dynamic behaviour and limits to capacity. This may hold not only for daily traffic flows but also for changes in patterns of international trade or tourism. There is a serious lack of insights into how actors in transport respond to policy measures, particularly cost measures (for an exception, see Stathopoulos et al. 2011 ), while at the same time there is a need to fine-tune goals, measures, and the social acceptability of a mobile society.
In our era, transport and communication are contributing to trends for spread and geographic heterogeneity, and simultaneously the global network society is inducing new forms of communication, interaction, and mobility. In an open and individualizing society, there seems to be an ongoing move towards a mobile society, and away from the homebound society, although there still seems to be a structural discrepancy in the behaviour of the rich and the poor, which has implications for commuting pattern. In this respect, high-income groups and the well-educated are usually more mobile and are exhibiting a persistent preference for living in suburban locations, except for a few respectable inner-city quarters. A counterbalancing factor is that the growing constraints in physical infrastructure, evident mainly in road traffic congestion, will inevitably lead to severe congestion on major traffic routes and the loss of the attractiveness of particular suburban locations. Smart logistic concepts and adequate policy solutions are still to be found, but they may entail a combination of measures, such as a more efficient use of existing transport systems and a selective increase in physical infrastructure, while respecting the need for urban sustainability.
A number of shortcomings in the policy-making process can clearly be observed, such as in the design of alternative options for sustainable solutions. We often observe a situation of 'forgotten' alternative choice options, owing to an uncritical quick (or a-priori-selected) generation of strategic options. Clearly, there is no systematic and transparent generation of strategic alternatives for sustainable mobility. There is surprisingly little recognition of how large a benefit must be, before it is considered significant enough to change a policy. There is also a lack of valuation criteria with respect to specific impacts (such as societal and equality costs and environmental costs), although there is a clear need to systematically include these impacts in the analysis (see also Bakker et al. 2010 ).
An important integrative, but often neglected, concept in relation to sustainable transport is the strategic conceptualization of spatial systems. The awareness of complexity in mobility systems (and partly chaotic development) has in recent years opened the door to dynamic modelling based on notions from evolutionary economics, network-niches, and chaos models (Nijkamp and Reggiani 1998; Reggiani and Nijkamp 2009 ). The challenge here lies in empirical testing based on solid data. In addition, the concept of networks raises questions on the side of user-appreciation. In this context, interconnectivity is an important aim in improving the users' appreciation of transport systems, and in increasing spatial efficiency in a mobile society. In the framework of the present paper we now address more in particular the mobility dimensions of regional labour markets, and their consequences for sustainable development.
Spatial Mobility and the Labour Market
The need for a solid economic analysis of the performance of transportation systems from the point of view of policy makers was already stressed some decades ago by Nobel-prize winner McFadden, who highlighted its importance for urban economics (McFadden 1974) . This has led to a strand of literature on transport systems, commuting, and location. For example, in a model where all employment is located in the centre, Brown (1986) introduced the simultaneous choice of housing volumes, residential location, and work-trip mode. The author linked the theory on urban economics to that on urban transportation planning, and found that trip mode and residential location choice are not independent. In the same vein, Maat and Timmermans (2009) showed that commuter trips have a major impact on car use, and that commuting mode varies with both socio-demographic and spatial variables. People's modal choice is determined more by work location than by residential location. In order to develop policies to reduce car use, these authors propose to design work locations -rather than residential locations -to be more compact and more accessible by public transport modes and bicycles. Accessibility can thus be considered a driving force in the modal choice of commuters.
Also the urban form of the work location has a stronger influence on modal choice than that of residential location (Cervero 1996) . The increasing sprawl of housing and work is also identified as an important factor for the increasing car use (Geurs and Van Wee 2006) . With respect to sustainability issues, the kind of vehicles mainly used for the transport system is considered to be a crucial factor. Kenworthy et al. (2005) stress the importance of this topic: whether the transport system is mainly based on private car use or on public transport is relevant for the whole economy. Given the relevance of a sustainable transport system, this is a topic that needs to be taken into account by policy makers in terms of financing and pricing infrastructure, regulations (e.g. in terms of emissions per car, speed limit, safety, etc.), taxes, fees and subsidies, land use, parking policy, and logistics (see Nijkamp et al. 2005) . Consequently, all these measures influence spatial mobility and labour markets (clearly, with complicated feedback effects).
To achieve an appropriate balance between the social costs and benefits of policy interventions related to the transportation system, the labour market is one of the key mechanisms to be taken into consideration. A particular aspect of labour markets that is more directly connected with sustainable transport is commuting. For instance, commuting flows may improve employment perspectives in the receiving areas. Therefore, an increase in accessibility would have positive socio-economic effects on labour markets. How to enforce this (i.e. whether the public or private transport system is expanded) certainly has an impact on sustainability, which would, therefore, become a more crucial and strategic concept.
Moreover, increasing sustainability (for example, by improving the public transport system to induce people to choose it) may reduce either the cost or the time of the journey-to-work, and therefore increase commuting flows. For example, in a model of joint decisions concerning where to live and work and how to travel to the workplace, Li et al. (2010) find that transportation improvements which decrease commuting time will not only increase commuting trips but also affect residential location (making people more likely to accept a greater distance from their workplace) (see also Rouwendal and Nijkamp 2010 ). Clearly, current spatial dynamics stimulate various mobility processes that are characterized by a wide array of externalities.
In this context, the European Policy Center (EPC, 2005) describes sustainability as a social need to be combined with economic growth, while simultaneously including, among sustainability issues, the financing of infrastructures. Regarding the latter, the EPC recommends market-based incentives as guiding principles for investments in transport. EU (2011) includes efficiency and cost-effectiveness among the purposes of a sustainable transport plan, together with making accessibility available to all. In the same vein, with respect to transport in the US, Behrens et al. (2011) discuss how the elimination of trade and urban frictions may lead to productivity gains. In the light of the previous observations, it may be meaningful to offer some reflections on the labour market system, in order to lay a theoretical foundation for analysing commuting phenomena in a spatial labour market context.
Labour Markets and Commuting

A selective literature overview
In the traditional competitive model of the labour market, wages are set in order to match supply and demand. Wages across labour markets may differ, therefore leading workers to either relocate or commute in their search for higher wages. This should set the equilibrium wage uniform across labour markets.
There are several criticisms of this model. Since wage differentials among employees arose, income distribution was related to human capital (reflected in the "Mincer equations", in the 1970s; see Mincer 1974) . Later, with the availability of panel data sets in the 1980s, the residuals from the Mincer equations underlined that there was a part of wage heterogeneity which was left unexplained. Theory suggested this could be accounted for by the unobservable heterogeneity of human capital and by productivity shocks.
However, all these models assume perfect information, and therefore wages are determined by individual productivity alone (see Heckmann and Honoré 1990) . On the contrary, with the advent of matched employer-employee data at the end of the 1990s, it became clear that these models could not take all wage dispersion into account. Therefore, new models were proposed, allowing for search frictions due to information imperfection. In particular, equilibrium search models assume that unemployed workers randomly sample job offers by firms with vacancies, and decide whether to accept or refuse an offer based on their expected utility.
The basic model in this context was proposed by Burdett and Mortensen (1998) . Extensions of the model include the possibility for employers to counter outside offers made to their employees (Postel-Vinay and Robin 2002), the inclusion of productivity shocks (Postel-Vinay and Turon 2005) , and the exogeneity of the wage distribution (Jolivet et al. 2006 ).
All these departures from the basic competitive model do not, however, change the crucial point: assuming homogeneity of wages among equally-skilled employees would make workers willing to move to markets where equivalent workers are paid more, while the inclusion of randomness in the job-matching is a further reason why unemployed workers could accept relocating or commuting to different labour markets. Examples of models of labour market equilibrium where the supply side includes the commuting distance implied by residential and location choice may be found in Simpson (1992) and Sorek (2009) .
From the perspective of the impact of commuting on the employment level of the receiving local labour market, it is noteworthy that both positive and negative effects may occur. In fact, commuters may crowd out local workers from available jobs (leading to a negative effect: see Hazans, 2005) . At the same time, however, they increase the availability of workers, thus encouraging the creation of new vacancies (see Pierrard, 2008) . In addition, they can lead to a rise in local employment also in an indirect way, i.e. their impact on local demand: as long as they make their expenditures in the receiving local labour market, they increase consumption levels and demand for local services, as argued by Hazans (2005) .
Finally, the issue of the impact of commuting on the optimal provision of local public goods is analysed by Shields and Shideler (2003) , who propose a model to determine the optimal commuting tax size for Pennsylvania's municipalities.
The above-mentioned literature argues essentially that commuters may generate both virtuous and vicious outcomes for the locals, and that, as in the case of migration, complementary and substitution effects may arise. With regard to employment in the destination region, commuting inflows may be expected to have two main contrasting effects on local employment: (i) commuters may cause new job creation for the locals by raising the demand for local goods and services (for example, public transport); and, in contrast, (ii) they are likely to crowd out some residents, since they compete with them for the available jobs. A comparison of the findings from Hazans (2005) and Pierrard (2008) highlights that the question which of the two forces will prevail is an empirical one. Consequently, we will put this question to an empirical test, in which the commuting effects on labour markets are explicitly modelled, with reference to the German case (see Section 4.2).
In the German context, Stutzer and Frey (2008) analyse commuting decisions from the perspective of equilibrium theory, finding that people usually commute for longer travel times than would be expected from individual utility maximization. Buehler (2009) argues that Germany possesses a much better transport system compared with the USA, owing to an efficient use of government subsidies, a high quality of public transport supply, various policies discouraging car use, and the integration of, and coordination between, different modes of transport and across regions. The debate about public transport in Germany has become increasingly relevant in the last two decades, due to decentralizion and re-regulation according to new EU-directives, as highlighted by Brandt (2006) . Various issues related to the economic and environmental effects of incentives and subsidies linked to public transport in Germany are addressed by Berg et al. (2010) and Hirte and Tscharaktschiew (2011) , while the adoption of incentives to use public transport instead of encouraging urban road transport is also advocated.
Starting from the above considerations, we now analyse the relationship between commuting and employment with reference to the 439 German labour market districts (Section 4.2). Next, we explore the environmental impacts in relation to GDP in Germany (and hence also of transportation), seen from the broader perspective of European sustainability (Section 5)..
We first provide an empirical analysis of the effects of commuting on employment outcomes for workers in the receiving German labour market regions.
Labour Markets and Commuting: A German Case Study
Database and model adopted
The first part of our empirical analysis is devoted to the identification of the effects of commuting flows on given spatial labour market outcomes 1 . The data set available is based on IAB (Institut fur Arbeitsmarkt und Berufsforschung) data related to the 439 German districts (Kreise) at the NUTS 3 level, for the years 1996-2005. The data record commuting flows between all pairs of districts, population of working age (15-64, WAP i hereafter), place of residence of workers, and labour demand, i.e. the number of workers enrolled in the social security system and working in a given district 2 .
Out-commuting (people living in i, but working in a different German district, denoted by E) and in-commuting (workers employed in district i, but who live somewhere else in Germany, denoted by I) imply that the number of workers (W i hereafter) typically differs from the number of resident employed workers (REW i hereafter), in a given district i. Formally, this is:
[1]
The presence of commuters may generate positive labour demand externalities (by decreasing the cost of opening a vacancy: see, for example, Pierrard 2008). Furthermore, commuting inflows and outflows might be positively correlated: residents crowded out may find a new job in another district, therefore becoming commuters themselves. This implies that inbound commuters, who outbid natives do not necessarily either increase local unemployment or cause a decrease in available jobs 3 .
Therefore, we consider the effect of commuting both on the number of jobs in district i and on the demand for local labour (denoted by DLL i ), given by:
Since economies of scale (market-size effect) in labour creation and employment may also prevail, we divide the variables in Equations [1] and [2] by the regional working age population in order to obtain employment (and labour demand)-to-population ratios.
Therefore, the variables we focus on in our empirical analysis are:
• the employment-to-population ratio (EPR i hereafter), given by the ratio of resident employed workers to the working age population of the district:
• local labour demand density (the number of jobs divided by the regional working age population, denoted by LLD i ):
• local workers' rate (denoted by LWR i ), given by the fraction of local jobs filled by workers living in the same region:
The analysis of the impact of inbound commuter flows on each of the above-mentioned variables will be carried out with the use of fixed-effects panel models, because of the presence of unobserved district characteristics which are likely to be stable and correlated with the regressors 4 . Moreover, national German GDP 5 has been included as well, in order to account for the evolution of global economic conditions. The adopted model is described in detail in the next section.
The identification strategy: OLS models
We first estimate the impact of commuting on local economic performance variables using the following models (see also Russo et al., 2010 4 Such variables include the industry sector, average wage levels, educational levels, skills, and the age composition of the workers. All the analyses have been performed both with fixed-and random-effect specifications. However, the fixed-effect specification is always supported by the Hausman specification tests (when feasible). 5 At real prices, using the price level in year 2001. where subscript i denotes districts, and subscript t time. EPR it, LLD it, LWR it 6 (as defined in the previous section), I it , , GDP it and POP it are thus related to district i at time t. In particular, I it is the logarithm of the global number of commuting inflows divided by 1,000; GDP it and GDP t are the logarithms of the value added at current prices (at district and national level, respectively); and POP it is the density of population (number of inhabitants per 1,000 square metres). The parameters λ are fixed effects relating to time and district (that may be correlated with the regressors), while ν, β, κ, α and δ are the parameters to be estimated. Finally, ε is a random error term following the usual OLS assumptions.
The effects of commuting inflows on the relevant outcome variables are then expressed by the parameters ν, κ, α. The results of the regressions are shown in Table 1 , where we find a positive effect of commuting inflows on the employment-to-population rate, and on the number of jobs in the district, and a negative impact of the commuting inflows on the local workers rate 7 . Note: Standard errors in parentheses; *** significant at the 1% level, ** significant at the 5% level, *significant at the 10% level.
The endogeneity issue
As stated above, we are here analysing the effect of commuting flows on given employment outcomes. However, we should admit that reverse causality may also hold: a strong economy 6 In the case of EPR and LWR , we take their logit transformation: since the level variable ranges between 0 and 1, this leads to an outcome variable whose domain is the whole set of real values. 7 The results are robust to different specifications of the outcome variables and of the inflows: the sign and significance of the results do not change, neither in a linear probability model (for EPR and LWR) nor when the inflow of commuters is in linear form. where regressors, parameters and subscript i,t have the same interpretation of the OLS case; Ф refers to the lagged value of inflows; and η 1 refers to the squared value of the subsidy received for each kilometre of commuting distance exceeding the 10 th one. In the second stage, fitted values from this regression are then used as our IV for the final regression analysis.
VARIABLES
The results from the IV estimates are shown in Table 2 14 and do not appear to depend on the transformation of the dependent variable chosen 15 . A comparison with the OLS results in Table 1 highlights that the estimates of the effects of commuting inflows on our outcome variables have increased, apart from the case of the regression concerning local workers rate: in this case, the related parameter value turns out to be similar to that emerging in the OLS analysis.
To sum up, our IV models confirm that commuter flows tend to increase employment and job opportunities in the receiving districts; in addition, the effects estimated in our OLS models do not appear to be downward-biased. Nevertheless, we are not able to assess the magnitude of these effects: to check robustness of our results, the availability either of different instruments (possibly allowed to vary at the district level 16 ) or of a longer time span 17 would be necessary. 15 In the case of EPR and LWR, we also used the level of the dependent variable instead of its logit transformation: the results on the sign and significance of the relevant coefficients do not change. 16 The need for this kind of IV is highlighted by the fact that inclusion of a district-varying instrumental variable (as the lagged values of inflows) strongly reduces the ranges of confidence intervals, compared with other IV models we have tried, which used only information about subsidies to build our instrument. 17 In this case, a proper Regression Discontinuity Design could be built.
Denspop (POP it ) 0.308*** 0.032*** 0.294*** (0.027) (0.008) (0.029)
Note: Standard errors in parentheses; *** significant at the 1% level, ** significant at the 5% level, *significant at the 10% level.
Given this direct relationship between commuting and the German labour market, and given the fact that the private car represents the prevalent mode (about 65 per cent) for commuting trips in Germany, with consequent environmental damage, the next step in our analysis is the exploration of the relevance of modal choice for commuting, from the perspective of sustainability issues.
In this context, we first (Section 5.1) turn our attention to the relationship between sustainability and GDP in Germany (given the hypothesis that economic growth has a negative environmental impact owing to an increase in car use as a commuting mode), while next (Section 5.2) we offer a tentative analysis of the environmental performance of transport modes in Germany.
5.
Economy and Transport: a Sustainability Framework 5.1 Economy, transport and environment in Germany "Transportation is a measure of economic activity: in many instances, it may be a leading indicator, inasmuch as physical movements precede financial transactions. Transportation is a reflection of economic activity, inasmuch as products must be moved to markets. Some of these relationships are clearly circular: transportation affects economic conditions, and economic conditions influence transportation" (Norwood and Casey, 2002, pp. 22-23) . Clearly, it is not easy to fully understand and model the complex relationship between transportation and the economy. This section is devoted to a subsequent step in our analysis, viz. the environmental impacts of economic activities, by taking into account environmental indicators conventionally used for measuring transport emissions. In this way, we attempt to model an 'indirect' relationship between the economy and transport, by means of environmental indicators. With reference to the European situation, it is important to note that, since the 1992
White Paper "The Future Development of the Common Transport Policy" and the 2001 White
Paper "European Transport Policy for 2010: Time to Decide", the European Union has sought to tackle the issue of providing efficient, effective and sustainable transportation systems. In particular, the overall strategy consists of: i) providing affordable and high-quality transport; ii) protecting the environment; iii) providing incentives for technological innovations; and iv) providing incentives for international interconnectivity. The intention is that these objectives should be achieved by a decoupling process between the growth of transport and economic growth, and by providing incentives to shift to more environmentally-friendly modes (Percoco and Reggiani 2008) . In this context, the need for a comprehensive analysis concerning the effects of different environmental policies is pertinent. As economic policies also depend on the strength of the institutional context, Infante and Smirnova (2011) focus on the regulatory constellations of society. In particular, they propose new models to estimate the impact of the institutional context on anti-pollution legislation, environmental quality, and social welfare. They perform a differentiated analysis for groups of countries, by identifying the impact of the quality of the institutional context on the position of the turning point of what is called the environmental Kuznets curve (see Kuznets, 1955) .
Starting from these general considerations, this final step of our analysis is to explore the relationship between GDP and environmentally-sustainable transport in Germany, Given the strict relationship between GDP and the commuting/labour market, as shown in the previous section, a close connection between transport pollutants and GDP has also to be expected. As underlined by WBCSD (2001) , the dependence of transport on fossil fuels makes it one of the main causes of the emission of greenhouse gases, i.e. gases regulated by the Kyoto Protocol (in the case of transport: carbon dioxide, methane, and nitrous oxide). In our analysis, we use nitrogen dioxide (belonging to the same family as nitrous oxide, i.e. the nitrogen oxides) as an environmental indicator, given the data availability with regard to this kind of energy consumption for a relevant time-period at the "Lander" level in Germany 18 .
Three different variables related to nitrous oxide are considered: the median yearly value of emissions; the maximum hourly value of emissions (in both cases, in milligrams in cubic meters); and a dummy variable indicating whether at least on one day (for each given year) emissions have exceeded a given threshold (200 milligrams in cubic meters). Since many stations measure nitrogen dioxide in each "Lander", the highest value has always been taken into account 19 .
Next, we first perform simple regressions -using German data at the "Lander" level, available from UBA (Umwelt Bundes Amt) -between these variables and GDP at real values (in the regressions performed in Section 4) for the period 2001-2006. We find a significant parameter only for the regression related to the dummy variable. We then perform crosssection regressions on the same data set, using "Lander"-specific fixed-effects. These results show that GDP turns out not to be significant, regardless of the nitrogen oxide indicator used.
The outcomes of both OLS and fixed-effect regressions are given in Table 3 . Note: Standard errors in parentheses; *** significant at the 1% level, ** significant at the 5% level, *significant at the 10% level.
We have been able to trace how GDP may affect variables related to environmental performance (as a proxy for transport emissions) in the German "Lander". In particular, we find a significant relationship between GDP at real values and emissions of nitrogen dioxide above given thresholds, as shown in Appendix 1. However, such a relationship disappears once we control for the "Lander" effects. Thus, we find that "Lander" with a higher GDP also have more frequent extreme emissions of nitrogen dioxide, but that such a relationship does not hold once we control for "Lander"-specific characteristics. All in all, these results are clearly consistent with the hypothesis that economic growth (expressed by an increases in GDP) has not led Germany to an environmental awareness, which seeks to produce lower levels of energy use and pollution. These results confirm recent findings which position Germany around the turning point of the Kuznets curve, i.e. high GDP, but also high emissions (Percoco and Reggiani 2008) .
Recent research has shown an increasing trend of negative externalities linked to private car use (Woodcock et al. 2007) . With respect to the relationships between urban form and infrastructure − for instance, on the role of the compact city in sustainability − some authors argue that compact cities − because of their high-density land use − are inherently more environmentally-efficient, since distances tend to be shorter (see, e.g., Woodcock et al. 2007 ). On the other hand, recent research (Gaigné et al. 2011) shows that a decentralization of jobs may be more environmentally-desirable. In summary, the debate on monocentric vs. polycentric cities − in the light of the best ecological performance − seems to emphasize the relevance of a balance between the level of population density and the spatial pattern of economic activities (polycentric within monocentric structures). It is evident that the concentration-deconcentration dilemma is also clearly connected with the available transport modalities (e.g. public transport vs. private transport). Against this background, we now examine the environmental performance of train use vs. car use in Germany.
5.2
Transport modes and environmental performance in Germany Given the impact of commuting on labour markets in Germany, as discussed in Section 4, as well as the relationship between transport emissions and GDP (see Section 5.1), it is more pertinent to address the environmental performance of transport modes more directly. In fact, while we have seen that GDP is related to (transport) pollution, we have not yet analysed how environmental indicators (at a given GDP level) may change in association with the transport mode adopted.
In this context, an interesting environmental indicator is the consumption of energy: in fact, the energy intensity of land transport is clearly correlated (together with other adverse health effects) with environmental degradation, as pointed out by Woodcock et al. (2007) . In particular, road transportation accounts for 81 per cent of total energy use by the transport sector (Chapman 2007 ). Since transport is almost completely reliant upon petroleum (or fossil fuels), energy consumption is typically measured in terms of tonnes (or barrels) of oil equivalent; the efficiency of a country's transport is then considered from this viewpoint. A variable of interest in order to measure the potential for a dramatic increase in energy consumption following economic growth is energy consumption relative to GDP, i.e. the ratio between energy consumption of transport and GDP at the year 2000 exchange rate (IEA 2010).
We now address the issue of energy consumption in relation to transport mode: Figure 1 shows the association between energy consumption relative to GDP and train share in passenger land transport in Germany, for the years 1991-2007 (data available from EUROSTAT). [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] The correlation between these two quantities is strong and significant (-0.5659), suggesting that the use of trains as a mode of transport provides relevant outcomes in terms of car-use reduction. These results are supported by evidence at the EU level. By analysing the (former) EU-15 countries for the period 1990-2008, we find a significant relationship (even after controlling for country-specific stable characteristics) both between car share and greenhouse gases emissions, and between train share and energy consumption relative to GDP (as expected, positive in the former case, and negative in the latter), as shown in Appendix 1.
However, from IAB data it appears that commuting by car in Germany has slightly increased in the period 1996-2004, while use of the public transport mode has been quite stable. If we look at the total amount of commuting, there was a rise in the first half of the same period, while, after 2001, flows appear rather stable. A possible explanation of the increase of the mode car as opposed to public transport might be that the new jobs are located in non-accessible locations by public transport, where car use becomes necessary for the commuter (see also Maat and Timmermans 2009) .
To sum up, our results bring to light that, in Germany, commuting flows have a positive and robust effect on employment in the receiving labour market districts, and that the train (compared with the car) is an environmentally-benign mode of transport in reducing energy consumption, at least for the period considered. Thus, we may argue that, first, commutingwhich creates more flexibility (and hence efficiency) in local and regional labour marketsshould be encouraged. Secondly, an increase of commuters would make the transport mode chosen more crucial for sustainability, calling for an improvement of the public transport system (that may, in turn, increase commuting). Therefore, in this context, particular attention should be paid to the effect of city network structures on pollution emission from commuting (see, e.g., recent contributions by Glaeser and Kahn 2010) . This issue is crucial, making it possible both to increase sustainability and to generate positive economic effects; in particular, providing more opportunities for commuting flows may lead to better employment perspectives for local and regional workers. Germany seems to have a tendency towards a polycentric commuting network , and may thus be oriented towards an increase of intra-urban commuting flows. Further development of typologies of economic network development is thus a sine qua non for the analysis of an ecologically and socioeconomically 'optimal' urban system.
Conclusions
We live in an urban century, in which spatial mobility and urbanization are important force fields. Commuting is on a rising edge, as it opens up new opportunities for many people.
Cities are nodal hubs in a complex geographical network, and are hence able to attract many commuters, even from a long distance.
In this paper, with reference to the specific context of German regions, we have empirically shown that commuting may positively affect local labour market outcomes, and thus the economy as a whole. It was also found that the German economic activities are accompanied by negative environmental externalities, which are clearly associated with a specific transport mode, viz. the car. The sustainability issue appears, therefore, to be a common umbrella under which the relationship 'economy-transportation' -that is still a subject for debate and not easy to formally elaborate -certainly plays a joint role, since these two main variables (economy and transport) show similar negative environmental externalities. In this context, more theoretical work is needed in order to formulate and finalize the circular relationship 'economy-transport-environmental performance': for example, by means of an appropriate production functions approach and/or by non-linear dynamic simulation.
From the methodological viewpoint, the use of instrumental variables has shown the potential of this method to address the issue of the possible bias induced by the endogeneity of commuting inflows to employment outcomes. However, more appropriate data and further analysis are necessary in order to obtain accurate estimates of such effects, also with respect to informing policies related to commuting.
From a strategic viewpoint, the above-mentioned empirical results suggest that efficient public transport on a local/regional scale may play an important role in achieving sustainability, to be expanded in the future.
Appendix 1
In this Appendix, correlation coefficients between three environmental variables ((a) energy consumption in tonnes of oil equivalent, in absolute values; (b) energy consumption in tonnes of oil equivalent, relative to GDP, and (c) emissions of greenhouse gases in thousands of tonnes of CO 2 equivalent) and the share of car and train passengers in total inland transport are presented, together with the associated p-values (countries: former EU-15; years: 1990 -2008 . Notes: *** significant at the 1% level, ** significant at the 5% level, *significant at the 10% level.
